Regulation of mitochondrial metabolism is essential for ensuring cellular growth and maintenance in plants. Based on redox-proteomics analysis, several proteins involved in diverse mitochondrial reactions have been identified as potential redox-regulated proteins. NAD + -dependent isocitrate dehydrogenase (IDH), a key enzyme in the tricarboxylic acid (TCA) cycle, is one such candidate. In this study, we investigated the redox regulation mechanisms of IDH by biochemical procedures. In contrast to mammalian and yeast counterparts reported to date, recombinant IDH in Arabidopsis mitochondria did not show adenylate-dependent changes in enzymatic activity. Instead, IDH was inactivated by oxidation treatment and partially reactivated by subsequent reduction. Functional IDH forms a heterodimer comprising regulatory (IDH-r) and catalytic (IDH-c) subunits. IDH-r was determined to be the target of oxidative modifications forming an oligomer via intermolecular disulfide bonds. Mass spectrometric analysis combined with tryptic digestion of IDH-r indicated that Cys 128 and Cys 216 are involved in intermolecular disulfide bond formation. Furthermore, we showed that mitochondria-localized o-type thioredoxin (Trx-o) promotes the reduction of oxidized IDH-r. These results suggest that IDH-r is susceptible to oxidative stress, and Trx-o serves to convert oxidized IDH-r to the reduced form that is necessary for active IDH complex.
INTRODUCTION
Mitochondria play a pivotal role in providing ATP required for various cellular events in all eukaryotes. In mitochondrial respiration, the tricarboxylic acid (TCA) cycle generates NADH and FADH 2 by metabolizing organic acids. These products are then used to drive electron transport in the respiratory chain and coupled ATP production. In addition to this fundamental energy conversion process, mitochondria host a large number of metabolic pathways. Flexible regulation of these mitochondrial reactions is important for ensuring proper cellular function, particularly in plants, which cannot escape exposure to adverse environmental conditions. Although our knowledge of the regulatory mechanisms of plant mitochondria has advanced, much still remains to be solved, particularly the question of how each mitochondrial enzyme is controlled at the post-translational level (Millar et al., 2011; Tcherkez et al., 2012; Lázaro et al., 2013; Nunes-Nesi et al., 2013) .
In the last decade, the progress of redox-proteomics analysis has provided hints that a wide variety of biological processes are governed by the redox state of their responsible enzymes (Hisabori et al., 2007; Montrichard et al., 2009; Lindahl et al., 2011) . Thioredoxin (Trx), a small ubiquitous protein, plays a crucial role in redox regulation. Trx has a conserved WCGPC motif at an active site, enabling a dithiol-disulfide exchange reaction with the target enzyme. Based on the subcellular localization and sequence similarity, plant Trxs are classified into seven subtypes (f -, m-, h-, o-, x-, y-, and z-type) . Although it has been recognized that the Trx-o resides in plant mitochondria (Laloi et al., 2001 ), information about the target proteins of Trx-o is limited to date. Using Trx affinity chromatography (Motohashi et al., 2001) , we recently performed the systematic screening of Trx-targeted proteins in plant mitochondria and identified a list of target candidates (Yoshida et al., 2013) . Redoxproteomics studies by other groups have also suggested that diverse proteins involved in manifold mitochondrial processes are redox-regulated via the interaction with Trx (Balmer et al., 2004; Winger et al., 2007) . However, careful biochemical study is needed to determine whether these candidate proteins are actually redox-regulated.
NAD + -dependent isocitrate dehydrogenase (IDH) is one of the proteins that were captured by Trx affinity chromatography (Yoshida et al., 2013) . IDH catalyzes the oxidative decarboxylation of isocitrate to 2-oxoglutarate coupled to NADH generation, and thus supports the TCA cycle flux. In yeast, it is well established that the minimal functional unit of IDH is a heterodimer comprising regulatory (IDH-r) and catalytic (IDH-c) subunits (Panisko and McAlister-Henn, 2001 ). Furthermore, detailed biochemical and structural analyses have provided evidence that yeast IDH is allosterically activated by AMP and inactivated by intermolecular disulfide bond formation between IDH-c subunits (Lin and McAlister-Henn, 2003; Taylor et al., 2008; Garcia et al., 2009) . In contrast, to our knowledge, there are few reports on the biochemical analysis of plant IDH, although plant IDH has been also suggested to be active in a heterodimeric form based on sequence comparison with its yeast counterpart and the complementation test of yeast IDH mutants with plant IDH genes (Lancien et al., 1998; Lemaitre and Hodges, 2006) . The regulatory mechanism of plant mitochondrial IDH thus remains poorly characterized.
In this study, we focused on the molecular basis for controlling IDH activity in Arabidopsis mitochondria with special attention to redox regulation. The results indicate that IDH-r forms intermolecular disulfide bonds upon oxidation, leading to a drastic decrease in IDH activity. We also showed that Trx-o assists in the reduction of oxidized IDH-r. Based on these findings, a novel regulatory mode of plant mitochondrial IDH is discussed.
MATERIALS AND METHODS

PREPARATION OF EXPRESSION PLASMIDS FOR IDH-r AND IDH-c
Total RNA was isolated from Arabidopsis thaliana as described in Yoshida and Noguchi (2009) and used as a template for RT-PCR. The IDH1 (At4g35260, encoding IDH-r) and IDH5 (At5g03290, encoding IDH-c) gene fragments encoding the mature protein region (Val 26 -Asp 367 and Ile 44 -Leu 374 , respectively) were amplified with the following oligonucleotide primer combination; 5 -AACTGCAGCATATGGTGACTTACAT GCCCAGACC-3 (NdeI) and 5 -GCGAATTCAGTCTAGTTTTG CAATGA-3 (EcoRI) for IDH1, 5 -AACTGCAGCATATGATCA CCGCAACTCTCTTCCCT-3 (NdeI) and 5 -AAGGATCCTCAG AGATGATCACAGATTG-3 (BamHI) for IDH5. The restriction sites for the enzyme shown in parentheses are underlined. Each of the amplified DNA was ligated into the pET23c expression vector (Novagen). The sequences were confirmed by DNA sequencing (3730xl DNA Analyzer; Applied Biosystems).
PROTEIN EXPRESSION AND PURIFICATION
The IDH1 and IDH5 expression plasmids described above were transformed into E. coli strain BL21 (DE3) to express IDH-r and IDH-c proteins, respectively. The transformed cells were grown at 37 • C until A 600 = 0.4-0.8. Expression was induced by adding 0.5 mM IPTG, followed by further culture at 21 • C overnight. The E. coli cells were disrupted by sonication. After centrifugation (125,000 ×g for 40 min), the resulting supernatant was used to purify the protein of interest. Each protein was purified by a combination of anion exchange chromatography, using a DEAEToyopearl 650M column (Tosoh) and Q-Toyopearl 600C column (Tosoh), and hydrophobic interaction chromatography, using a Butyl-Toyopearl 650M column (Tosoh), as described in Yoshida et al. (2013) . Purification was performed in a medium containing 25 mM Tris-HCl (pH 7.5-8.1), 1 mM EDTA, and 0.5 mM DTT, but EDTA and DTT were removed by dialysis after purification. All of the procedures during purification were carried out at 4 • C. The protein concentration was determined with a BCA protein assay (Pierce).
IDH ACTIVITY MEASUREMENT
Prior to the assay, 2 μM IDH-r and 2 μM IDH-c were mixed in a medium containing 25 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , and 20 mM isocitrate. After incubation at 25 • C for 30 min, the mixed solution was used for activity measurement. IDH activity was monitored as an increase in absorbance at 340 nm due to NAD + reduction. The molar extinction coefficient for NADH of 6.22 mM −1 was used for calculation of the amounts of generated NADH. Assays were performed at 25 • C in a medium containing 25 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 2 mM NAD + , and indicated concentrations of isocitrate. IDH-r and IDH-c were added at 40 nM each.
To test the adenylate effects on IDH activity, each adenylate (AMP, ADP, and ATP) was added at 1 mM to the media described above.
PEPTIDE MAPPING ANALYSIS
After separation by non-reducing SDS-PAGE, stained protein bands of interest were excised from the gel and fully destained with 50 mM NH 4 HCO 3 and 50% (v/v) acetonitrile. The gel slice was then incubated in 55 mM iodoacetamide and 100 mM NH 4 HCO 3 for protecting free Cys residues. The gel slice was dried completely and then incubated with 50 mM NH 4 HCO 3 containing 20 ng μl −1 trypsin at 37 • C overnight. Tryptic peptides were extracted from the gel with 0.1% (v/v) trifluoroacetic acid with 50 and 75% (v/v) acetonitrile, continuously. Whole extracts were concentrated using a centrifugal concentrator and desalted using Solid Phase Extraction C-TIP (Nikkyo Technos). The peptide sample was spotted onto the matrix (α-cyano-4-hydroxycinnamic acid) and air-dried on a MALDI plate (MTP 384 target plate ground steel BC, Bruker Daltonics). MALDI mass spectra were obtained using an UltrafleXtreme-TK2 spectrometer (Bruker Daltonics). Results were queried with the Mascot search engine (http://www.matrixscience.com/) to identify matched peptides.
Trx-DEPENDENT REDUCTION OF OXIDIZED IDH-r
For oxidation treatment, IDH-r was incubated in 50 μM CuCl 2 for 15 min at 25 • C. After dialysis for the removal of CuCl 2 , the oxidized IDH-r was incubated in a medium containing 25 mM Tris-HCl (pH 7.5), indicated concentrations of DTT, and indicated concentrations of Trx-o1 for 30 min at 25 • C. The IDHr redox state was assayed by non-reducing SDS-PAGE. IDH-r equivalent to 1 μg was loaded into each lane. The Arabidopsis recombinant Trx-o1 protein was prepared and confirmed to be efficient in dithiol-disulfide exchange reaction in our previous study (Yoshida et al., 2013) .
RESULTS
ARABIDOPSIS IDH IS INSENSITIVE TO ADENYLATES
In Arabidopsis, there are five genes encoding mitochondrial IDH subunits. Based on the similarity with yeast IDH, three genes (IDH1, IDH2, and IDH3) are regarded as the genes encoding the IDH-r subunit, whereas two genes (IDH5 and IDH6) encode the IDH-c subunit ( Supplementary Fig. S1 ). Primary amino acid sequences of these gene products show high identity among each isoform (IDH1-3; >84%, IDH5-6; 90%, mature protein region except for targeting peptide). Given that IDH1 and IDH5 gene products appear to be more abundantly expressed in Arabidopsis (Yoshida et al., 2013) , we prepared recombinant proteins from these genes as representative IDH-r and IDH-c, respectively Each value represents the mean ± SD (n = 3).
( Figure 1A) . NAD + -reducing activity was observed in the presence of both subunits, whereas neither subunit alone showed any catalytic activity ( Figure 1B ). This finding clearly shows that both IDH-r and IDH-c are essential for functional IDH in Arabidopsis. It has been well documented that ADP and AMP act as allosteric activators of IDH in mammal and yeast (Nunes-Nesi et al., 2013) . For example, the K m value for isocitrate in yeast IDH is drastically lowered in the presence of AMP (Lin and McAlister-Henn, 2003) . However, it remains unclear whether this regulatory mechanism is common for plant IDH. We accordingly investigated the effects of adenylates on IDH activity. No adenylates (AMP, ADP, and ATP) affected the saturation velocity curve (Figure 1C) 
IDH-r FORMS INTERMOLECULAR DISULFIDES, LEADING TO A LOSS OF IDH CATALYTIC ACTIVITY
We next investigated whether IDH activity is controlled by the redox state of the enzyme molecule itself. Prior to the assay, IDH-r or IDH-c was incubated in the presence of 50 μM CuCl 2 to oxidize the possible thiols on the protein molecule. While the oxidation treatment of IDH-c exerted no significant effect, the IDH-r oxidation nearly completely suppressed enzymatic activity when the oxidized IDH-r was mixed with untreated IDH-c (Figure 2A) . As revealed by nonreducing SDS-PAGE, IDH-r was shifted to dimeric, trimeric, and higher-order oligomeric forms mediated by intermolecular disulfide bonds under oxidative conditions ( Figure 2B) . The reduction of oxidized IDH-r restored IDH activity to approximately half of the control level (Figure 2A) , accompanied by the cleavage of the intermolecular disulfide bonds (Figure 2C) . It thus appeared that Arabidopsis IDH is reversibly inactivated in response to oxidative stress via oligomer formation of IDH-r.
Cys 128 AND Cys 216 CONSERVED IN IDH-r PLAY A CRITICAL ROLE IN THE REDOX REGULATION OF IDH
In plant IDH-r, six Cys residues are commonly conserved ( Supplementary Fig. S1 ). We attempted to identify the Cys residues involved in intermolecular disulfide bond formation of IDH-r. For this purpose, proteins in the reduced monomeric and the oxidized trimeric forms (the prevalent form of IDH-r oligomer) were in-gel digested using trypsin after non-reducing SDS-PAGE ( Figure 2B ). Mass spectra of the resulting peptides were then acquired (Figure 3) . Three major peptides (m/z: 1280.6, 2276.2, and 2404.3) were specifically detected in the reduced monomeric form but not in the oxidized trimeric form. By searching for matching peptides using Mascot, the peptides were determined to correspond to Leu 207 -Arg 217 , Glu 118 -Arg 137 , and Lys 117 -Arg 137 (calculated masses: 1279.6, 2275.2, and 2403.3, respectively) in IDH-r, respectively. The peptide Leu 207 -Arg 217 contained Cys 216 , whereas Glu 118 -Arg 137 and Lys 117 -Arg 137 contained Cys 128 . These Cys residues are thus likely to be primarily involved in redox changes in the Arabidopsis IDH-r molecule.
Trx-o PROMOTES THE REDUCTION OF OXIDIZED IDH-r
Finally, we addressed the involvement of Trx-o in redox regulation of IDH-r (Figure 4) . The reduction patterns of oxidized IDH-r under several concentrations of DTT (0-500 μM) were compared in the presence and absence of 5 μM Trx-o1 (an isoform of Trx-o). When Trx-o1 was added to a reaction medium, IDHr was reduced back to monomer even at lower concentrations of DTT ( Figure 4A) . We further analyzed the reduction of oxidized IDH-r with varying Trx-o1 concentration (0-5 μM) under low concentration of DTT (50 μM). The efficiency of IDH-r reduction was highly dependent on Trx-o1 concentration ( Figure 4B ). These findings suggest that Trx-o1 can efficiently reduce oxidized IDH-r. 
DISCUSSION
Mitochondrial respiration is controlled at multiple levels from transcriptional to post-translational to enzyme function levels (Millar et al., 2011) . It has been reported that several TCA cycle enzymes are regulated by mitochondrial NAD(P)H/NAD(P) + ratio, adenylate energy charge, and TCA cycle intermediates (Noctor et al., 2007; Nunes-Nesi et al., 2013) . Using partially purified IDH from pea leaves, Igamberdiev and Gardeström (2003) demonstrated that IDH activity is negatively regulated by NAD(P)H. However, further biochemical studies of plant IDH have not been performed to date, and accordingly the regulatory mechanisms of this enzyme at the molecular level remain to be fully characterized. Previous studies using Trx affinity chromatography have raised the possibility that IDH activity is redox-regulated via the Trx system in plant mitochondria (Balmer et al., 2004; Yoshida et al., 2013) . Based on this research background, we addressed in this study the biochemical characteristics of Arabidopsis IDH, focusing particularly on redox regulation. The biochemical properties of IDH, including action mechanisms and regulatory factors, have been best characterized in yeast (Panisko and McAlister-Henn, 2001; Lin and McAlisterHenn, 2003; Taylor et al., 2008; Garcia et al., 2009) . The minimal functional unit of yeast IDH is reported to be a heterodimer comprising IDH-r and IDH-c. This form is considered to be common in plant IDH, but there has been only indirect supporting evidence to date in the form of growth restoration of yeast IDH mutants by complementation with plant IDH genes (Lancien et al., 1998; Lemaitre and Hodges, 2006) . By using the recombinant subunits, we clearly showed that both IDHr and IDH-c are essential for ensuring the catalytic activity of Arabidopsis IDH (Figure 1B ). An intriguing finding is that, in contrast to the animal and yeast counterparts, Arabidopsis IDH activity is unaffected by any adenylates ( Figure 1C, Table 1) . In yeast IDH, critical residues for allosteric activation by AMP have been determined by a survey using site-directed mutagenesis (Lin and McAlister-Henn, 2003) . Alignment between plant and yeast IDH indicated that plant IDH does not conserve some of these residues ( Supplementary Fig. S1 ), and the lack of these critical residues may account for the insensitivity of Arabidopsis IDH to adenylates.
Redox-proteomics studies using Trx affinity chromatography have provided a comprehensive list of potentially redox-regulated proteins in plant mitochondria (Balmer et al., 2004; Yoshida et al., 2013) . It has been shown that, among these candidate proteins, two stress-related proteins, namely alternative oxidase and peroxiredoxin IIF, are reduced and activated in a Trx-o-dependent manner (Barranco-Medina et al., 2008; Martí et al., 2009; Yoshida et al., 2013) . In addition, the TCA cycle enzyme citrate synthase has recently been reported to be redox-regulated by Trx-o (Schmidtmann et al., 2014) . However, most plant mitochondrial proteins suggested as Trx targets remain to be further analyzed by detailed biochemical assays. In the present study, IDH was newly confirmed to be a Trx-o-targeted redox-regulated protein in Arabidopsis mitochondria. Upon oxidation of IDH-r, IDH activity was largely diminished via intermolecular disulfide-mediated oligomer formation of IDH-r (Figures 2A,B) . Trx-o was effective in the reduction of oxidized IDH-r, likely leading to a recovery of IDH activity (Figures 2, 4) . It should be noted that IDH activity was restored to only half of the control level, even after the reduction and monomerization of oxidized IDH-r (Figure 2) . This result implies that IDH-r also undergoes irreversible oxidative modifications, which could not be revealed in the present study. Further investigation is required for concluding this possibility.
Yeast IDH activity is also controlled in a redox-dependent manner (Garcia et al., 2009 ). However, the molecular basis of IDH redox regulation is different between Arabidopsis and yeast. In the case of yeast IDH, IDH-c forms intermolecular disulfide bonds under oxidative conditions, leading to the inactivation of IDH (Garcia et al., 2009 ). The critical Cys residue for the intermolecular disulfide bond formation of yeast IDH-c is not conserved in plant IDH-c ( Supplementary Fig. S1 ). In contrast, we identified Cys 128 and Cys 216 as the Cys residues responsible for oxidative modification of Arabidopsis IDH-r (Figure 3) . These Cys residues are highly conserved in the plant kingdom but not in yeast ( Supplementary Fig. S1 ). This fact implies that the mode of IDH redox regulation disclosed in this study is unique to plants.
As summarized in Figure 5 , our biochemical analysis suggested that IDH-r is a redox-sensitive protein and that the redox change affects IDH activity. This finding implies the significance of the mitochondrial Trx system for the regulation of TCA cycle performance. However, for several redox-regulated protein candidates identified by redox-proteomics studies, it remains to be determined whether they are "pseudo" or "true" redoxregulated proteins. In order to understand the mitochondrial redox network in more detail, biochemical studies of the individual enzymes should be performed one by one. Another key step in dissecting the mitochondrial redox regulation system is the elucidation of the working dynamics or biological significance of the mitochondrial Trx system in living plants. Future studies addressing the visualization of in vivo redox states of redox-regulated proteins, as shown in our recent study (Yoshida et al., 2014) , and effects of Trx-o deficiency on mitochondrial performance will provide physiological insights into the mitochondrial redox regulation system in plants.
